Abstract. In the present study, the effect of radiation on the invasion of the pulmonary adenocarcinoma cell line, A549, was investigated. Invasion of A549 cells irradiated with 2 and 4 Gy doses of γ-ray was detected using the transwell Matrigel invasion assay. Levels of matrix metalloproteinase 2 (MMP-2) and phosphorylated signal transducer and activator of transcription 3 (STAT3) were detected by reverse transcription PCR (RT-PCR) and/or immunoblotting. The enzyme activity of MMP-2 was examined by gelatin zymography. Results demonstrated that the invasion of A549 cells was significantly enhanced by γ-ray radiation at doses of 2 or 4 Gy. In addition, exposure to radiation was found to promote transcriptional expression of MMP-2 and increase MMP-2 enzyme activity. Irradiation activated the phosphorylation of STAT3 and promoted the nuclear localization of STAT3. The blockage of STAT3 phosphorylation using a specific inhibitor (AG490) suppressed the irradiation-induced elevation of MMP-2 expression, enzyme activity and invasion of A549 cells. Finally, the expression of vascular endothelial growth factor (VEGF) was found to be upregulated by radiation, which was associated with the activation of STAT3. Results of the current study indicate that irradiation leads to activation of STAT3 and translocation to the nucleus, leading to activation of VEGF and MMP-2 transcription, resulting in the increased invasion of A549 cells.
Introduction
Radiation therapy is important for the treatment of malignant tumors, with ~60% of cancer patients requiring radiotherapy as a component of their cancer treatment (1) . However, since it is genotoxic, radiation also activates various radiation response genes. Activation of these genes leads to the production of cytokines that are able to alter the microenvironment surrounding tumor cells, which in turn increases the invasion and metastasis of surviving tumor cells (2, 3) . Previous studies have demonstrated that radiation promotes the invasion or metastasis of various types of cancer cells, including pancreatic, glioma, hepatocellular, breast and melanoma (4) (5) (6) (7) . In addition, a clinical study revealed that invasive recurrence increased following treatment of ductal carcinoma in situ with radiation therapy (8) .
Cancer cell invasion and metastasis are complicated processes involving cell proliferation at the primary site, adhesion to and invasion of basement membranes, migration through the extracellular matrix (ECM), penetration into lymphatic or blood vessels and angiogenesis at the metastatic site (9) . During the invasion of basement membranes by cancer cells, matrix metalloproteinases (MMPs), members of the matrixin subfamily of the zinc metalloproteinases, play key roles in degradation of the ECM (10) , and elevated levels of MMPs have been found in a number of tumor types (11) . MMP-2 degrades denatured interstitial collagens I and III, as well as native collagen IV, which is an important component of the basement membrane. Activated MMP-2 triggers tumor invasion and metastasis and increased expression of MMP-2 is associated with poor prognosis in cancer patients (12) . Notably, the expression and activity of MMP-2 is enhanced by radiation in a number of cells, including astrocytes and mesangial and kidney tubule epithelial cells in rats and bronchial epithelial cells in humans (13) (14) (15) (16) . However, the biological function of elevated MMP-2 expression induced by radiation remains unclear.
The transcription factor signal transducer and activator of transcription 3 (STAT3), a member of the STAT family, plays a critical role in mediating cell survival, proliferation, invasion and angiogenesis (17 by Janus-activated kinase 2 (18) . STAT3 phosphorylation promotes its dissociation from the receptor and its homodimerization. The dimer then translocates to the nucleus, where it regulates the transcription of target genes (19) , including MMP-2 and MMP-9. Blocking STAT3 signaling in highly metastatic mouse melanoma cells was reported to significantly inhibit the invasion of tumor cells by suppressing expression of the MMP-2 gene (20) . Inhibition of STAT3 also prevents the metastasis of breast cancer cells (21) . Collectively, previous studies have indicated that STAT3 affects tumor invasion, growth and metastasis. E-cadherin is important for cell-to-cell cohesion, cell-to-cell recognition and epithelial polarity (22) , and analysis of E-cadherin protein expression levels is an important indicator of cell invasion ability.
Despite the therapeutic role of radiation in lung cancer, particularly in non-small cell lung cancer (NSCLC), radiation also promotes the invasion of NSCLC (23) . NSCLC invasion is associated with poor prognosis since it increases the invasive growth and metastasis of tumors; for example, in mouse Lewis lung cancer (24) .
In the current study, the hypothesis that radiation promotes the invasion of lung adenocarcinoma A549 cells was investigated. In addition, the effect of radiation on the secretion of MMP-2 in A549 cells and the molecular mechanism by which A549 cell invasion is induced by radiation was determined. Radiation was found to promote the invasion of A549 cells and the secretion of MMP-2, which may represent the molecular mechanism of radiation-induced A549 cell invasion. The previous observation that STAT3 plays a key role in radiation-induced A549 cell invasion was further confirmed in this study.
Materials and methods
Cell lines. The A549 cell line was obtained from the Cell Culture Center of The Institute of Basic Medical Sciences (Chinese Academy of Medical Sciences, Beijing, China). Cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) plus 10% fetal bovine serum at 37˚C within humidified 5% CO 2 air. The present study was approved by the Ethics committee of The Beijing Institute of Radiation Medicine, Beijing, China.
Radiation and chemical reagents. A549 cells were irradiated using a Cobalt-60 unit (Beijing Institute of Radiation Medicine, Beijing, China) at a source-skin distance of 4 m. The dose rate was 2.17 Gy/min. The chemical inhibitor, AG490 (Sigma-Aldrich, St. Louis, MO, USA), was used to suppress the radiation-induced invasion of A549 cells.
Invasion assay. The invasion of A549 cells was measured as the number of cells invading through Matrigel-coated transwell inserts, as described previously (25) . In brief, transwell inserts with 8-µm pores were coated with Matrigel (20 µg/well; BD Biosciences, Franklin Lakes, NJ, USA). A total of 2x10 5 cells were suspended in 200 µl serum-free DMEM and seeded into the upper chamber. DMEM supplemented with 10% fetal bovine serum (FBS) was placed in the lower chamber as a chemoattractant. Cells were allowed to invade for 20 h. Following incubation, non-invaded cells on the upper side of the membrane were removed using a cotton swab. The invasive cells on the lower surface of the Matrigel-coated membrane were fixed with 100% methanol and stained using Wright's stain (Sigma-Aldrich). Invasion was determined by counting cells in 5 microscopic fields/well and the extent of invasion was expressed as an average number of cells/microscopic field.
Cell adhesion assay. Firstly, 96-well plates were coated with 10 µg/ml fibronectin in phosphate buffered saline (PBS; both Sigma-Aldrich) overnight at 4˚C. Wells were then rinsed and blocked with 1% bovine serum albumin in PBS for 1 h. Cells were harvested during the logarithmic phase of growth by trypsin and plated at 5x10 4 cells/well. Following 1 h incubation at 37˚C, wells were rinsed to remove non-adherent cells. Adhered cells were treated with 100 µl 0.05% 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) dissolved in PBS and incubated for 1 h. Following incubation, the MTT solution was removed and formazan formed by the cells was resuspended in 100% ethanol. Absorbance was measured at 590 nm using a Versamax microplate reader (Amersham Pharmacia Biotech, Amersham, UK).
Western blot analysis. Cells were harvested 12 or 24 h following irradiation and were then directly lysed in a lysis buffer containing a mammalian protease cocktail to obtain total protein content. For nuclear extracts, cells were lysed in a NE-PER extraction reagent (Pierce Biotechnology, Inc., Rockford, IL, USA), according to the manufacturer's instructions. Protein concentration was measured using the Bradford method. Protein (50 µg) was separated on a 12% sodium dodecyl sulfate-polyacrylamide gel and transferred onto nitrocellulose membranes. Membranes were blocked in TBST buffer (10 mM Tris-HCl, pH 8.0; 0.15 M NaCl; and 0.05% Tween 20) containing 5% skimmed milk. Next, membranes were incubated overnight with monoclonal antibodies against p-STAT3 (Y705; Cell Signaling Technology, Inc., Danvers, MA, USA), MMP-2 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), vascular endothelial growth factor (VEGF; Sigma-Aldrich), β-actin (Santa Cruz Biotechnology, Inc.) and E-cadherin (clone ECH-6; Cell Marque Corp., Rocklin, CA, USA). Finally, horseradish peroxidase-linked anti-mouse IgG (Zhongshan Goldenbridge Biotechnology Co., Beijing, China) was added to allow enhanced chemiluminescence visualization of the bands.
Gelatin zymography. Subconfluent A549 cells (70-80% confluency) were washed and refreshed with serum-free DMEM, and then irradiated and incubated for 24 h. The activity of electrophoretically separated gelatinolytic enzymes in the conditioned medium of A549 cells was determined by gelatin zymography, as described previously (24) . Zones of gelatinolytic activity were detected as clear bands against a blue background.
Reverse transcription-PCR (RT-PCR).
Total cellular RNA content was extracted with TRIzol (Gibco-BRL, Carlsbad, CA, USA), according to the manufacturer's instructions. Complementary first-strand DNA was generated using an ImProm-II reverse transcription system (Promega, Shanghai, China), according to the manufacturer's instructions. The PCR protocol involved an initial denaturation step at 94˚C for 5 min, followed by 30 cycles at 94˚C for 30 sec, 57˚C for 30 sec and 72˚C for 30 sec. Oligonucleotide primer sequences were as follows: MMP-2, 5'-GGCCAAGTGGTCCGTGTG-3' (sense) and 5'-GAGGCCCCATAGAGCTCC-3' (antisense); and β-actin, 5'-CATCTCTTGCTCGAAGTCCA-3' (sense) and 5'-ATCATGTTTGAGACCTTCAACA-3' (antisense). PCR was performed using a PCR Mix kit [Tiangen Biotech (Beijing) Co., Ltd., Beijing, China], according to the manufacturer's instructions.
Statistical analysis.
All experiments were performed in triplicate or quadruplicate and 3 measurements/data point were obtained in each experiment. A two-tailed Student's t-test was used for statistical analysis of comparative data using SPSS software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Radiation promotes the invasion of A549 cells but has no effect on cell adhesion. Radiation doses of 2 or 4 Gy were found to significantly promote the invasion of A549 cells in a dose-dependent manner compared with the untreated controls (Fig. 1) . Cell adhesion, another important factor that affects tumor metastasis, was unchanged by radiation.
Radiation induces STAT3 activation and promotes its nuclear localization.
The expression of STAT3 in A549 cells was not affected by 2 or 4 Gy radiation ( Fig. 2A) . However, levels of phosphorylated STAT3, the functional form of STAT3, in A549 cells were observed to increase significantly 12 h after 2 or 4 Gy radiation compared with the untreated controls (Fig. 2B ). These observations indicate that 2 and 4 Gy radiation induces the activation of STAT3. Total STAT3 in the nucleus of A549 cells irradiated with 2 or 4 Gy radiation was identified to be significantly higher than in untreated cells (Fig. 2C) .
Radiation increases the expression and activity of MMP-2.
RT-PCR results indicate that the expression of MMP-2 mRNA in A549 cells increased significantly 24 h after 2 or 4 Gy radiation compared with the untreated controls (Fig. 3A ). An upregulated expression of MMP-2 protein in A549 cells 24 h after radiation was also detected (Fig. 3B) , and the expression of MMP-2 protein at 2 Gy was higher than levels at 4 Gy. The activity (Fig. 3C) . The expression of E-cadherin was not affected by radiation (Fig. 3D) , consistent with results of the cell adhesion assay. E-cadherin protein was not detected in A549 cells prior to and following irradiation.
Inhibition of STAT3 phosphorylation suppresses the radiation-induced expression of MMP-2 and invasion of A549 cells.
The increase in radiation-induced MMP-2 expression triggered by 4 Gy radiation was suppressed when A549 cells were treated with 20 or 40 µM AG490 (Fig. 4A ). In addition, AG490 inhibited the enzymatic activity of MMP-2 (Fig. 4B) . Since radiation-induced activation of STAT3 in A549 cells leads to the elevated expression of MMP-2, we investigated whether inhibition of STAT3 eliminates the increased invasion of A549 cells. Results demonstrate that 20 µM AG490 suppressed the radiation-induced invasion of A549 cells (Fig. 4C) .
Radiation increases the expression of VEGF via activation of STAT3. Doses of 2 or 4 Gy irradiation were found to significantly increase the transcription of VEGF, indicating that irradiation regulated VEGF expression at the transcriptional level ( Fig. 5A and B) . Further immunoblotting assays revealed that VEGF protein expression was also significantly elevated by 2 or 4 Gy irradiation. The radiation-induced elevation of VEGF (Fig. 5C ) was significantly suppressed by AG490, consistent with MMP-2 expression.
Discussion
Lung cancer is the leading cause of cancer mortality worldwide and radiotherapy is the primary mode of treatment, particularly in cases of non-resectable lung cancer. Although radiotherapy generally increases survival in lung cancer patients, the majority of patients are likely to suffer from metastases in distant organs. In the current study, irradiation was found to enhance A549 cell invasion, consistent with the observation that radiotherapy of the primary tumor is associated with unpredictable metastatic effects (24) . In addition, a previous in vivo study revealed that irradiation promoted the metastatic growth of Lewis lung cancer, a type of mouse pulmonary adenocarcinoma (26) . In the present study, increased irradiation-induced invasion of A549 cells was, at least in part, mediated by increased MMP-2 expression. Additional analyses demonstrated that the activation of STAT3 was involved in irradiation-induced MMP-2 expression and activation, ultimately promoting the invasion of A549 cells. Notably, the activation of STAT3 by irradiation also increased the expression of VEGF in A549 cells. The malignant characteristics of tumor cells include rapid cell growth, migration, invasion and metastasis. Metastasis itself is the most insidious and life-threatening property of cancer cells, and is preceded by migration and invasion. In a previous study, it was demonstrated that ionizing irradiation increases A549 cell migration (27) . Results of the present study were consistent with these observations, whereby the invasive ability of A549 cells was also enhanced following 2 and 4 Gy irradiation. In addition, VEGF expression was found to be significantly increased in irradiated A549 cells. Since specific radioresistant tumor cells are able to survive radiation therapy, these results indicated that irradiation therapy may increase tumor metastasis due to the increased migration, invasion and pro-angiogenic ability of surviving cells.
MMPs degrade and modify the ECM, facilitating cancer cell invasion, and have been reported to be involved in mammalian tumor progression and metastasis. Altered expression of MMPs is a recognized hallmark of invasive tumor cells (28) , and MMPs have been found to be upregulated in cancer cells. Previous studies have revealed that irradiation promotes MMP-9 expression in hepatocellular carcinoma cells (29) and MMP-2 expression in glioma cells (30) , and elevated expression levels of MMP-2 or MMP-9 have been revealed to promote irradiation-induced cancer cell invasion. Similarly, results of the present study demonstrated that MMP-2 is also 
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A C B upregulated in pulmonary adenocarcinoma cells following irradiation. Radisky and Radisky (31) previously demonstrated that MMP-2 promotes and mediates epithelial-mesenchymal transition (EMT), a process implicated in tumor progression and promotion of the migration and invasion of cancer cells. Notably, irradiation-induced EMT-associated changes in A549 were observed in a previous study (27) . Combined with observations of the present study, these results indicate that irradiation-induced increases in MMP-2 regulated the invasion of A549 cells by promoting EMT-associated changes, as well as by having a direct pro-invasive activity.
STAT3, which has been found to be phosphorylated in several clinical cancer cells, is activated by numerous cytokines, growth factors and oncogenic proteins (32) . In the current study, STAT3 was also found to be activated by irradiation. Similarly, Singh-Gupta et al (33) found that irradiation promoted the phosphorylation of STAT3 in prostate cancer cells.
Abdulghani et al (34) reported that STAT3 is associated with metastatic progression in various types of cancer, including lung, skin, liver, ovarian, kidney, colon and prostate cancer. Activation of STAT3 may activate the expression of genes associated with the regulation of cell migration, invasion and angiogenesis at the transcriptional level. The expression of these genes, including MMPs and VEGF, promote tumor metastasis. In the current study, irradiation-induced STAT3 activation was identified to be involved in the upregulation of MMP-2, which facilitated the invasion of A549 cells. In addition, the activation of STAT3 was involved in irradiation-induced VEGF expression, indicating that STAT3 activation mediates tumor metastasis by several mechanisms.
In conclusion, in the present study, γ-ray radiation was found to enhance A549 cell invasion, largely via the upregulation of MMP-2 expression mediated by STAT3. The ability of irradiation to kill tumor cells is definitive and has been demonstrated in a number of in vitro and in vivo studies (35) (36) (37) . However, at present, only a limited number of studies on the effect of irradiation on tumor cell invasion have been performed. Based on the widespread application of radiotherapy for lung cancer and the poor outcomes associated with increased invasion, results of the present study indicate the importance of suppression of the irradiation-induced invasion of lung cancer cells. Identification of the key mediator involved in this process is likely to lead to development of a specific inhibitor to block metastatic signaling, while retaining the therapeutic benefit of irradiation for lung cancer therapy.
